Abstract-Emerging ultra-wideband (UWB) technology offers a great potential for the design of high-speed short-range communications. However, in order for a UWB device to coexist with other devices, the transmitted power level of UWB is strictly limited by the FCC spectral mask. Such limitation poses a significant design challenge to any UWB system. An efficient management of the limited power is thus a key feature to fully exploit the advantages of UWB. In this paper, a cross layer multiuser multiband UWB scheme is proposed to obtain the optimal subband and power allocation strategy. Optimization criteria involve minimization of power consumption under the constraints on the packet error rate, the data rate, and the FCC limit. To ensure the system feasibility in variable channel conditions, an algorithm to jointly manage the rate assignment of UWB devices, subband allocation, and power control is proposed. A computationally inexpensive suboptimal approach is also developed to reduce the complexity of the problem, which is found to be NP hard. Simulation results under UWB channel model specified in the IEEE 802.15.3a standard show that the proposed algorithm achieves comparable performances to those of the complex optimal full search approach, and it can save up to 61% of transmit power compared to the current multiband scheme in the standard proposal. Moreover, the proposed algorithm can obtain the feasible solutions adaptively when the initial system is not feasible for the rate requirements of the users.
of 7.5 GHz. Recently, innovative multiband UWB schemes were proposed in [5] [6] [7] . Instead of using the entire UWB frequency band to transmit information, multiband technique divides the spectrum into several subbands. Each subband occupies bandwidth of at least 500 MHz in compliance with the FCC limit [1] . By interleaving the transmitted symbols across subbands, multiband UWB systems can still maintain the average transmit power as if the large GHz bandwidth is used. The advantage is that the information can be processed over much smaller bandwidth, thereby reducing overall design complexity, as well as improving spectral flexibility and worldwide compliance. The current leading proposal for the IEEE 802.15.3a wireless personal area networking (WPAN) standard [8] is based on multiband orthogonal frequency division multiplexing (OFDM), which utilizes a combination of OFDM and time-frequency interleaving [7] . The OFDM technique is efficient at collecting multipath energy in highly dispersive channels, as is the case for most UWB channels [7] . Time-frequency interleaving allows the OFDM symbols to be transmitted on different subbands. A frequency synthesizer can be utilized to perform frequency hopping. By using proper time-frequency codes, the multiband UWB system provides not only diversity, but also multiple access capability [7] .
Since many applications enabled by UWB are expected to be in portable devices, low power consumption becomes a fundamental requirement. The low transmit power of UWB emissions ensures long life-time for the energy-limited devices. In addition, UWB systems are expected to support an integration of multimedia traffic, such as voice, image, data, and video streams. This requires a cross layer algorithm that is able to allocate the available resources to a variety of users with different service rates in an effective way. An overview of resource allocation in UWB communications is provided in [9] . In [10] , the authors considered a joint rate and power assignment problem that is central in multiuser UWB networks, and proposed a radio resource sharing mechanism that performs a handshaking procedure to establish a communication link. In [11] , the authors discussed a joint scheduling, routing, and power allocation problem with an objective to maximize the total utility of UWB system.
Most of the existing resource allocation schemes for UWB systems (see [9] [10] [11] and references therein) are based on single-band impulse radio technology. On the other hand, most research efforts on multiband UWB systems have been devoted to the physical layer issues [7] , [12] - [13] . Some of the key issues in multiband UWB systems that remain largely unexplored are resource allocations such as power control and channel allocation. The current multiband proposal divides the subbands into groups, each comprising 2-3 subbands. A set of certain time-frequency codes is used to interleave the data within each band group [7] . This strategy lacks of the ability to allocate subbands optimally since the available subbands are not assigned to each user according to its channel condition. Moreover, in the multiband proposal [7] , the transmit power of each user is equally distributed among its assigned subbands without any power adaptation to the channel variations. So adaptive optimization of the subband assignment and power control can greatly improve the system performances of multiband UWB systems.
In this paper, we propose a novel cross layer channel allocation scheme for multiband UWB wireless networks (e.g., a piconet, as in the IEEE 802.15.3 standard). By efficiently allocating the subbands, transmit power, and data rates among all users, the proposed scheme enables the multiband UWB system to operate at a low transmit power level, while still achieving desired performance. First, we formulate a subband assignment and power allocation problem as an optimization problem whose goal is to minimize the overall transmit power provided that all users achieve their requested data rates and desired packet error rate (PER), while the power spectral density complies with the FCC limit [1] . To take into account the fact that users in the multiband UWB system may have different data rates which in turn implies different channel coding rates, frequency spreading gains, and/or time spreading gains, our formulated problem considers not only the limitation on transmit power level, but also band hopping for users with different data rates. It turns out that the formulated problem is an integer programming problem whose complexity is N P hard. Then, to reduce the complexity of the formulated problem, we propose a fast suboptimal algorithm that can guarantee to obtain a near optimal solution, but requires low computational complexity. In order to ensure the system feasibility in variable channel conditions, we further develop a joint rate assignment and power controlled channel allocation algorithm that is able to allocate resources to the users according to three different system optimization goals, namely maximizing overall rate, achieving proportional fairness, and reducing maximal rate. Simulation results based on UWB channel model specified in the IEEE 802.15.3a standard [14] show that the proposed algorithm achieves up to 61% of transmit power saving compared to standard multiband scheme [7] . Moreover, the proposed algorithm can also find feasible solutions adaptively when the initial system is not feasible for the rate requirements of the users.
The rest of the paper is organized as follows. Section II describes the system model of multiband UWB. In Section III, we first formulate the power controlled channel allocation problem. Then, a fast suboptimal scheme is developed. Finally, we propose a joint rate assignment and resource allocation algorithm to ensure system feasibility. Simulation results are given in Section IV and conclusions are drawn in Section V.
II. SYSTEM MODEL We consider a UWB system using multiband OFDM that has been proposed for the IEEE 802.15.3a WPAN standard [8] .
As shown in Fig. 1 , the available UWB spectrum, from 3.1 GHz to 10.6 GHz, is divided into S subbands. Each subband occupies a bandwidth of at least 500 MHz in compliance with the FCC regulations. The UWB system employs OFDM with N subcarriers, which are modulated using quadrature phase shift keying (QPSK). At each OFDM symbol period, the modulated symbol is transmitted over one of the S subbands. These symbols are time-interleaved across subbands. Different data rates are achieved by using different channel coding, frequency spreading, or time spreading rates [7] . The frequency domain spreading is obtained by choosing conjugate symmetric inputs to the IFFT. Specifically, N/2 complex symbols are transmitted in the first half of the subcarriers, and their conjugate symmetric symbols are transmitted in the second half of the subcarriers. The time domain spreading is achieved by transmitting one OFDM symbol followed by a permutation of that OFDM symbol, i.e., transmitting the same information twice during two OFDM symbol periods. The receiver combines the information transmitted via different times or frequencies to increase the signal-to-noise ratio (SNR) of received data. As listed in Table I , the multiband UWB system provides data rates ranging from 53.3 Mbps to 480 Mbps. For the rates not higher than 80 Mbps, both time and frequency spreadings are performed, yielding the overall spreading gain of four. For the rates between 106.7 and 200 Mbps, only time-domain spreading is utilized which results in the overall spreading gain of two. The system with data rates higher than 200 Mbps exploits neither frequency nor time spreading, and the overall spreading gain is one. Forward error correction codes with coding rates of 1/3, 11/32, 1/2, 5/8 or 3/4 are employed to provide different channel protections with various data rates.
In what follows, we will describe the channel model and system model for the multiuser multiband UWB system.
A. Channel Model
The channel model specified in the IEEE 802.15.3a standard [14] is a modified version of the Saleh-Valenzuela (SV) model for indoor channels [15] . The channel impulse response for the k th user at time t can be represented by
where X k is the log-normal shadowing, and α k (m, 
respectively. In (1), M k is the number of clusters, and L k is the number of paths within each cluster. The path amplitude |α k (m, l)| follows the log-normal distribution, whereas the phase ∠α k (m, l) is a uniform random variable over [0, 2π).
The model parameters corresponding to several scenarios are provided in [14] . With the choice of cyclic prefix length greater than the duration of the channel impulse response, OFDM allows for each UWB subband to be divided into a set of N orthogonal narrowband channels. The baseband frequency response at the n th (n = 0, 1, . . . , N − 1) subcarrier is
where j = √ −1, and Δf is the frequency separation between two adjacent subcarriers. It is worth noting that for most WPAN applications, the transmitter and receiver are stationary [16] . As a result, UWB channel is very slowly fading. The standard channel model assumes that the channel stays either completely static, or is time-invariant during the transmission of each packet [14] , [16] . We assume that the channel state information is known at both the transmitter and the receiver.
B. System Model: Subband Assignment and Power Allocation
We consider a multiuser multiband UWB scenario where K users simultaneously transmit their information. The k th user has the data rate R k , which can be any value specified in Table I . As shown in Table I , if the rate is higher than 200 Mbps, there is no time spreading; otherwise, the timedomain spreading operation is performed with a spreading factor of two. In this case, any time-frequency code with a period of two can guarantee that each user will achieve the additional diversity by transmitting the same information over two OFDM blocks. The time-frequency codes with period longer than two can also be used to improve the multiple access capability for asynchronous UWB wireless networks [7] . To simplify the problem formulation, we consider in this paper a multiband UWB system employing time-frequency codes of length two. The extension to UWB systems with longer time-frequency codes is straightforward.
In order to specify in which subbands each user can transmit its information, we define a K × S assignment matrix A, whose (k, s) th element is denoted by a ks , for k = 1, 2, . . . , K and s = 1, 2, . . . , S. This a ks represents the number of OFDM symbols that user k is allowed to transmit on the s th subband during two OFDM symbol periods. Assuming that each user utilizes one subband per transmission, a ks can take any value from the set {0, 1, 2}. However, when the k th the data rate of the user is less than or equal to 200 Mbps, we need to ensure that the band hopping is performed to obtain the diversity from time spreading. In this case, a ks is restricted to a ks ∈ {0, 1}. Thus, the element of assignment matrix satisfies [17] 
During each OFDM symbol period, one user will occupy one subband. Since we consider the duration of two OFDM blocks, the assignment strategy needs to satisfy
In addition, to minimize the multiple access interference, each subband is assigned to a specific user at a time, and hence each subband can be used at most twice during two OFDM symbol periods. Therefore, the subband assignment also follows
Let P s k (n) denote the transmit power of the k th user at subcarrier n of the s th subband. Accordingly, the SNR of user k at the s th subband and the n th subcarrier is given by
where
in which H s k (n) is the channel frequency response at subband s and subcarrier n, ν is the propagation loss factor, d k represents the distance between the transmitter and receiver, λ denotes the noise power at each subcarrier, defined as
where R k is the data rate of the k th user, and N F is the received noise figure referred to the antenna terminal [7] . As in the multiband standard, we assume that the noise power σ 2 k is the same for every subcarrier within each subband. We assume an ideal band hopping such that the signal transmitted over different subband undergo independent fading, and there is no multiple access interference.
Due to the consideration for the simple transceiver of UWB, the current standard assumes that there is no bit loading and the power is equally distributed across subcarriers within each subband. Similarly, we assume that P
then the K × S power allocation matrix can be defined as
th component represents the transmit power of the k th user in subband s.
III. PROPOSED MULTIBAND CHANNEL ALLOCATION ALGORITHM
In the multiband frequency band plan [7] , the subband center frequencies span a wide range from 3.43 GHz to 10.3 GHz. Consequently, different subbands tend to undergo different fading and propagation loss. Additionally, the channel condition for a specific subband may be good for more than one user. Therefore, to efficiently reduce the power consumption, we need to optimize the subband assignment matrix A and power allocation matrix P under some practical constraints.
In this section, first, we derive a generalized SNR expression for various UWB transmission modes. Second, we provide a necessary condition for the SNR so as to satisfy the PER requirement. Then, we propose a problem formulation to minimize the overall transmit power provided that all users achieve their requested data rates and desired PER, while the transmit power level is below the FCC limitation and rate parameters are according to the standard proposal given in Table I . We develop a fast suboptimal scheme to solve the proposed problem. Finally, to ensure the system feasibility, we develop a joint rate adaptation, subband assignment, and power allocation algorithm.
A. Generalized SNR for Different Transmission Modes
Assuming that the channel state information is perfectly known at the receiver, the receiver employs a maximum ratio combiner (MRC) to combine the information transmitted via different times or frequencies. As a result, the average SNR at the output of MRC depends not only on the channel coding rate, but also the time and frequency spreading factors. The following proposition provides a generalized expression of the average SNR for any data rates.
Proposition 1 Assume maximum ratio combining and P s k (n) = P s k for all subcarrier n, then the average SNR of the k th user is given bȳ
and b k is a constant that depends on the data rate of the k th user as follows:
Proof: Recall that when R k is not higher than 80 Mbps, the information is spread across both time and frequency with the overall spreading gain of four. Consequently, the total SNR for the k th user at subcarrier n, n = 0, 1,
Note that the SNR in (13) is based on the assumptions of no multiuser interference and no correlation among the data bits; it leads to an upper bound on the performance. Average (13) over N/2 subcarriers, resulting in the average SNR
By substituting (6) into (14) and assuming
When R k is between 106.7 and 200 Mbps, only time spreading is performed, and hence the total SNR at subcarrier n, n = 0, 1, . . . , N − 1, becomes
Thus, the average SNR can be obtained from (16) as
(17) For R k higher than 200 Mbps, there is no spreading and the average SNR of the k th user is simply the average of Γ s k (n) over N subcarriers and two subbands, i.e.,
Express (15), (17) and (18) in terms of F s k defined in (11) leading to the results in (10).
B. PER and Rate Constraint
A common performance requirement of UWB systems is to offer packet transmission with an error probability less than a desired threshold value. The PER metric is directly related to the bit error rate (BER) performance, which in turn depends on the SNR at the output of the MRC. By keeping the SNR level higher than a specific value, the PER can be ensured to be lower than the PER threshold. In the sequel, we provide a necessary condition for the average SNR so as to satisfy the PER requirement.
Suppose the maximum PER is ε and the packet length is L bits, then the bit error probability after the channel decoder for the k th user, P k , needs to satisfy
By the assumptions of the use of convolutional coding and Viterbi decoding with perfect interleaving, P k is given by [18] 
where d free is the free distance of the convolutional code, a d denotes the total number of error events of weight d, and P k (d) represents the probability of choosing the incorrect path with distance d from the correct path. With hard-decision decoding, P k (d) is related to the average BER,B k , as [18] 
when d is odd, and
The average BERB k can be obtained by averaging the conditional BER over the probability density function of the SNR at the output of MRC. With Γ k denoting the instantaneous SNR at the MRC output, the conditional BER is [18] 
where Q(·) is the Gaussian error function. From (19) and (20), we can see that for a given value of PER threshold ε, a corresponding BER threshold can be obtained. Since the error probability P k in (20) is related to the coding rate through the parameters d free and a d , the BER requirement depends not only on the value of ε, but also on the data rate R k . This implies that the SNR threshold is also a function of both ε and R k . Let γ(ε, R k ) be the minimum SNR of the k th user that is required to achieve the data rate R k with PER less than ε. Then, the necessary condition for the average SNR (defined in (10)) to satisfy the PER requirement is given bȳ
C. Problem Formulation
The optimization goal is to minimize the overall transmit power subject to the PER, rate, and FCC regulation constraints. Recall from (3) that the assignment matrix A has a ks ∈ φ(R k ), ∀k, s. We can formulate the problem as follows: 
where the first constraint in (23) is to ensure rate and PER requirements. The second and third constraints are described in Section II-B. The last constraint is related to the limitation on transmit power spectral density of −41.3 dBm/MHz, according to FCC Part 15 rules [1] . Here, P max is the maximum transmit power taking into consideration the effects such as peak-to-average power ratio (PAPR), i.e., P max is the maximum power considering both the average maximum power allowed by the FCC and the PAPR of OFDM signals.
If the elements in the assignment matrix A are binary, the problem defined in (23) can be viewed as a generalized form of generalized assignment problem [19] which is N P hard. Since the components of A can be 0, 1, or 2, the problem is an even harder integer programming problem. So the existing channel assignment approaches, e.g. in [20] , are not applicable in (23). Although the optimal solution can be found through full search, it is computationally expensive. To overcome the complexity issue, we propose in the subsequent subsection a fast suboptimal scheme, which is near optimal but has very low computational complexity.
D. Subband Assignment and Power Allocation Algorithm
The basic idea is a greedy approach to assign a ks for a user step by step, so that the power consumption is minimized. The initialization is to set A = 0 K×S , define the user optimization list K live = {1, 2, . . . , K}, and define the subband optimization list S live = {1, 2, . . . , S}. First, each user makes a hypothesis that it can assign its transmission into different subbands regarding absence of other users. For each hypothesis, a dummy overall transmission power P k dummy is calculated by finding the minimum power among all possible subbands such that the BER performance requirement of user k is satisfied. The user with the highest dummy overall transmit power to achieve its rate will be assigned first, so that the best channel is assigned to the user that can reduce the overall power most. Then, this user is removed from the optimization list K live . Since each subband can only accommodate one user per symbol period and we consider two OFDM symbol periods, when a subband is assigned twice, this subband is removed from the optimization list S live . Then, we go to the first step for the rest of the users to assign their transmissions into the rest of the subbands. This iteration is continued until all users are assigned with their subbands, i.e., K live = ∅. Finally, the algorithm checks if the maximum power is larger than the power limitation. If yes, an outage is reported; otherwise, the final values of A and P are obtained. The proposed algorithm can be described as follows: End: If (max(P) > P max ) or (S live = ∅ and K live = ∅), an outage is reported. Otherwise, return A and P.
The complexity of the proposed algorithm is only O(K 2 S).
Although the algorithm is suboptimal, simulation results illustrated in the succeeding section shows that the proposed fast suboptimal algorithm has very close performances to the optimal solutions obtained by full search. Another complexity issue is that for the proposed scheme, power control is needed for each subband 1 . This will increase the system complexity slightly, but from the simulation results, we can see that the performance improvement is significant. Moreover, the proposed algorithm can be implemented by the master node to manage the power and subband usages of all users in a UWB picocell system, as adopted in the IEEE 802.15.3a standard [8] . The signaling information needed to be broadcasted at the master node includes the band hopping sequence of each user and the corresponding transmit power. The algorithm is updated when a new user joins the network or when the channel link quality of each user changes considerably. In each update, the algorithm requires the channel state information for all considered subbands (instead of three subbands as in the standard multiband scheme) between every transmitters and the receiver. Such update does not frequently occurs thanks to the small size of the picocell and the stationary nature of most transceivers in WPAN applications.
E. Joint Rate Assignment and Resource Allocation Algorithm
Since the transmit power in each subband is limited by maximal power P max , solutions to (23) may not exist in some situations, such as when the requested rates of the users are high but the channel conditions are poor. Under such conditions, some desired rates of the users cannot be satisfied, and we call that the system is infeasible. When the system is not feasible, the requested rates need to be reduced. Here, we develop a joint rate assignment and power controlled channel allocation algorithm that is able to obtain the feasible solutions adaptively when the initial system is not feasible for the rate requirements of the users. Basically, the proposed algorithm comprises two main stages, namely resource allocation and rate adaptation stages. Fig. 2 shows the flow chart diagram of the proposed algorithm.
At the initialization step, the data rate of the k th user, R k , k = 1, 2, . . . , K is set to its requested rate. After the initial setting, the first stage is to perform the subband and power allocation using the algorithm described in the previous subsection. If there is a solution for this assignment, then it is done. Otherwise, an outage will be reported, indicating the requested rates of the users are too high for the current channel conditions. In this case, we proceed to the second stage where the rate adaptation is performed.
In the rate adaptation stage, the algorithm chooses only one user, reduces its rate to the next lower rate as listed in Table I . In order to specify which user to be selected we consider three different goals, namely maximizing overall rate, 1 But no power control or bit loading for subcarriers within each subband 
Reduce the user's rate achieving proportional fairness [21] 2 , and reducing maximal rate. In particular, given the data rate of the k th user, R k , we denote its one-step reduced rate by R − k . For instance, from Table I , the reduced rate R − k corresponding to a rate R k = 320 Mbps is R − k = 200 Mbps. Note that when the rate R k reaches the minimum allowable rate of 53.3 Mbps, we let R − k = R k , i.e., the rate R k is not further reduced. Then, the userk whose rate will be reduced can be determined according to the performance goals as:
where R min k denotes a minimal rate requirement for user k. With maximizing overall rate approach, the overall system rate is maximized in every reduction step. In case of the proportional fairness approach, the product of rates minus minimal rate requirements [21] is maximized. For reducing maximal rate approach, the highest rate in the system will be reduced. Note that if there is still no solution to the assignment after the rates of all users are reduced to the minimum allowable rate, then an outage is reported. This indicates that the system under the current channel conditions cannot support the transmission of all K users at the same time. The proposed joint resource allocation and rate adaptation algorithm is summarized as follows.
Initialization: Iteration index n = 0, R k (0) = requested rate of user k, k = 1, 2, . . . K Iteration: 1) Given R k (n ), solve subband assignment and power allocation problem in (23). 2) If (23) has a solution, the algorithm ends. Otherwise,
, ∀k, then an outage is reported and the algorithm ends.
• Determinek.
• Update the rates:
IV. SIMULATION RESULTS
To illustrate the performance of the proposed schemes, we perform simulations for multiband UWB systems with N = 128 subcarriers, S = 14 subbands, and the subband bandwidth of 528 MHz. Following the IEEE 802.15.3a standard proposal [7] , we utilize the subbands with center frequencies 2904 + 528 × n b MHz, n b = 1, 2, . . . , 14. The OFDM symbol is of duration T F F T = 242.42 ns. After adding the cyclic prefix of length T CP = 60.61 ns and the guard interval of length T GI = 9.47 ns, the symbol duration becomes T SY M = 312.5 ns. As in [7] , the convolutional encoder with a constraint length of 7 is used to generate different channel coding rates. The maximum transmit power is -41.3 dBm/MHz, and the PER is maintained such that PER < 8% for a 1024 byte packet. The average noise power follows (8) with N F = 6.6 dB, and the propagation loss factor is ν = 2.
We consider a multiuser scenario in which each user is located at a distance of less than 4 meters from the central base station. The performance is evaluated in multipath channel environments specified in the IEEE 802.15.3a channel modeling sub-committee report [14] . We employ channel model 1 and 2, which are based on channel measurements over the range of 0-4 meters. The simulated channels were constant during the transmission of each packet, and independent from one packet to another. In each simulation, we averaged over a minimum of 50000 channel realizations.
A. Subband Assignment and Power Allocation
In this subsection, we present the average transmit power and the outage probability curves for multiband UWB systems. Here, the outage probability is the probability that the requested rate cannot be supported under the constraints in (23). We compare the performances of the proposed scheme with those of the current multiband scheme in the standards proposal [7] .
For Fig. 3(a) and Fig. 3(b) , the number of users is fixed to K = 3, while each user is randomly located at the distance of 1 to 4 meters from the base station. In Fig. 3(a) , we illustrate the average transmit power as a function of the data rates for standard multiband scheme, the proposed fast suboptimal scheme, and the optimal scheme obtained by full search. It is apparent that the proposed algorithm can achieve almost the same performance to the optimal scheme. In addition, the proposed algorithm greatly reduces the average transmit power compared to that in the standard proposal. The performance gain in term of power reduction that is achieved by the proposed scheme, compared with the standard scheme, can be computed as (P standard − P proposed )/P standard , where P standard and P proposed denote the average powers for the standard and the proposed schemes, respectively. The results in Fig. 3(a) show that both fast suboptimal and optimal approach can reduce about 60% of average transmit power at low rates (53.3-200 Mbps) and up to 35% at high rates (320-480 Mbps).
Notice that the curves are not smooth because of the discrete nature of the problem. Fig. 3(b) shows the outage probability versus the transmission rates. We can see that the proposed scheme achieves lower outage probability than that of the standard multiband scheme for any rates. For instance, at 110 Mbps, the outage probability of the proposed scheme is 5.5 × 10 −3 , whereas that of the standard multiband scheme is 2.3 × 10 −2 .
We also consider a multiuser system with different number of users, each located at a fixed position of about 4 meters from the base station. Specifically, the distance between the k th user and the base station is specified as d k = 4−0.1(k−1) for k = 1, 2, . . . , K. In Fig. 4(a) and Fig. 4(b) , we show the average transmit power and outage probability as functions of number of users for the data rates of 55, 80, and 110 Mbps. In both figures, we use the standard multiband scheme and the proposed scheme. We can observe from Fig. 4(a) that the transmit power increases with the number of users. This results from the limited available subbands with good channel conditions. When the number of users is large, some users have to occupy the subbands with worse channel conditions. Comparing the proposed algorithm with standard multiband approach, we can see that the proposed scheme achieves lower transmit power for all the rate requirements. Fig. 4(b) shows that the outage probability increases with the number of users. This is due to the fact that as the number of users increases, the system is more crowded and may not be feasible to support all these users at all times. Observe that at any rate, the performance of the standard multiband scheme degrades as the number of users increases. On the other hand, when the proposed scheme is employed, the effect of the number of users to the outage probability is insignificant when the rates are not higher than 110 Mbps. As we can see, the proposed algorithm achieves smaller outage probabilities than those of the standard scheme under all conditions.
B. Joint Rate Assignment and Resource Allocation
This subsection illustrates the performances of the proposed joint rate assignment and resource allocation algorithm for multiband system. We consider a multiuser system with different number of users. Each user is randomly located at the distance of 1 to 4 meters from the base station. The requested rates of users are also randomly selected from the set {200, 320, 400, 480} Mbps, and the minimum rate requirement is R min k = 50 Mbps ∀k for proportional fairness goal. The joint rate assignment and resource allocation algorithm proposed in Section III-E is performed for each set of requested rates and channel conditions. Fig. 5 illustrates one realization of rate adaptation for a two-user system with three different goals. The shaded area represents the feasible range for R 1 and R 2 in the current channel conditions. In this example, the requested rates are R 1 = 480 and R 2 = 400 Mbps, and both users are located at about 4 meters from the base station. We can observe from Fig.  5 that the reducing maximal rate approach has lowest overall rate in every adaptation step. This is because the highest rate in the system can always be reduced. On the other hand, the maximizing overall rate approach tends to reduce the lower rate since most low rates have smaller decreasing step size than high rates. Although the maximizing overall rate approach always yields superior system performance, it is unfair to those applications with low data rates. The proportional fairness goal provides the performance that is between the maximizing overall rate approach and reducing maximal rate approach. Fig. 6(a) and Fig. 6(b) show the average system performance versus the number of users. In Fig. 6(a) , we present the performances in term of the average data rates of the users. We can see that the average rates of all three approaches decrease when the number of users increases. This is due to the limited subbands with good channel conditions. Comparing the performances of three approaches, we can see that the proportional fairness yields slightly lower average rate than that of the maximizing overall rate approach, and both proportional fairness and maximizing overall rate approaches achieve much higher rates than that of the reducing maximal rate approach.
In Fig. 6(b) , we show the standard deviations of the data rates of the users for three approaches. Here the standard deviation represents the fairness of allocation among users. We can observe that the standard deviation for every scheme increases with the number of users since the larger the number of users, the higher the variation of the rates. At any fixed number of user, the reducing maximal rate approach results in smallest standard deviation, and its standard deviation slightly increases with the number of users. This is because the feasible rates obtained from the reducing maximal rate approach are close to each other. In contrast, the maximizing overall rate scheme can yield the feasible rates of around 100 to 480 Mbps at the same time. Thus, its standard deviation increases much faster with the number of users. The standard deviation of proportional fairness approach is between the other two schemes. So the proportional fairness approach is a tradeoff between the maximal rate approach and reducing maximal rate approach for both performances and fairness.
V. CONCLUSIONS
Low power consumption is one of the key elements to make multiband UWB technology to be the solution for future indoor wireless communications. We propose in this paper an efficient cross layer algorithm for allocating subband and power among users in a multiband UWB system. The proposed scheme aims to reduce power consumption without compromising performance. We propose a general framework to minimize the overall transmit power under the practical implementation constraints. The formulated problem is N P hard; however, with the proposed fast suboptimal algorithm, we can reduce the computational complexity to only O(K 2 S), where K is the number of users and S is the number of subbands. Simulation results show that the proposed algorithm achieves comparable performances to those of expensive optimal full search algorithm, and can save up to 61% of power consumption compared to the standard multiband scheme. Moreover, the proposed algorithm can obtain the feasible solutions adaptively when the initial system is not feasible for the rate requirements of the users. Among three different system optimization goals used in the proposed rate adaptation algorithm, the proportional fairness approach turns out to be a tradeoff between the maximal rate approach and reducing maximal rate approach for both performances and fairness.
